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A certain critical mass of myocardium is believed to be 
necessary to initiate ventricular fibrillation. The right ven- 
tricular isolation procedure, employed clinically to confine 
ventricular tachyarrhythmias to the right ventricle, de- 
creases the ventricular mass available for fibrillation by 
isolating the ventricles from each other. The effect of this 
procedure on ventricular fibrillation thresholds is un- 
known. Left and right ventricular fibrillation thresholds 
were measured before and after right ventricular isolation 
in 10 adult mongrel dogs utilizing a single 5 ms stimulus of 
increasing current strength applied to the epicardium 
during the vulnerable period. There were no significant 
differences in heart rate, aortic blood pressure, left atrial 
pressure, temperature, arterial blood gases or regional 
myocardial blood flow between the study periods. 
In 9 of the 10 dogs, the isolated right ventricle could not 
sustain ventricular fibrillation despite the utilization of 
Despite much investigation, the precise electrophysiologic 
mechanisms of the initiation, maintenance and termination 
of ventricular fibrillation remain unknown. In addition, there 
are no reliable means to predict or prevent ventricular 
fibrillation. One factor believed to be important to the 
maintenance of ventricular fibrillation is myocardial mass. 
The pioneering experiments of Garrey (1) in 1914 demon- 
strated that a certain critical mass of myocardium is neces- 
sary to sustain ventricular fibrillation, He found that the 
persistence of ventricular fibrillation was proportional to the 
mass of tissue involved. Canine ventricular tissue could not 
sustain fibrillation with a surface area <4 cm2. Garrey also 
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stimulus strengths of up to 80 mA. In the 10th dog, the right 
ventricular fibrillation threshold increased 150%, from 20 
to 50 mA. The left ventricular fibrillation threshold mark- 
edly increased in every dog, with an average increase from 
23 -C 2 to 40 f 4 mA (p < 0.0005). To determine whether 
time, cardiopulmonary bypass or the right ventricular 
incision could cause similar changes in ventricular fibrilla- 
tion threshold, five different dogs underwent the entire 
experimental protocol except for incomplete isolation of the 
right ventricle. There were no significant changes in ven- 
tricular fibrillation thresholds in these dogs. 
Thus, in the canine model, right ventricular isolation 
can prevent the occurrence of sustained fibrillation in the 
isolated right ventricle and can significantly increase the left 
ventricular fibrillation threshold. 
(J Am Co11 Cardiol1990;15:730-6) 
noted that the canine right ventricle could not independently 
sustain ventricular fibrillation. Subsequent investigators 
(2,3) reproduced these results and elegantly demonstrated 
the concept of critical mass. Once this critical mass is 
attained, only an excitable stimulus and the proper electro- 
physiologic conditions are required to support ventricular 
fibrillation. The importance of this concept to the treatment 
of ventricular tachyarrhythmias has not been well investi- 
gated. 
The right ventricular isolation procedure is employed 
clinically in the treatment of nonischemic ventricular tachy- 
cardia to confine arrhythmias to the right ventricle (4,5). 
Because both ventricles are electrically isolated from each 
other after this procedure, the ventricular mass available for 
fibrillation is decreased. Thus, this model can be used to 
investigate the effects of changes in ventricular mass on 
fibrillation threshold in the intact heart. It was the purpose of 
this study to examine the left and right ventricular fibrillation 
thresholds before and after the right ventricular isolation 
procedure and to quantitate the relation between ventricular 
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Figure 1. Schematic diagram of experimental protocol. LA = left 
atrial; LV = left ventricular; RA = right atrial; RV = right 
ventricular. 
mass and the ability to initiate and sustain fibrillation in the 
intact heart. 
Methods 
Surgical preparation. Fifteen adult mongrel dogs weigh- 
ing 25 to 35 kg were anesthetized with intravenous sodium 
pentobarbital (30 mg/kg body weight) and maintained on a 
constant drip infusion of 2 mgimin throughout the study. A 
median sternotomy was performed and the heart suspended 
in a pericardial cradle (Fig. 1). Right atrial, left atria1 and 
aortic pressures were monitored with fluid-filled catheters 
and Statham P231D pressure transducers. Central tempera- 
ture was measured in the inferior vena cava with a ther- 
mistor and maintained between 37” and 38°C throughout the 
study. Lead II of the electrocardiogram was monitored 
throughout each study. Regional myocardial blood flow was 
determined with radioactive microspheres. The femoral ar- 
tery was cannulated for withdrawal of reference arterial 
blood samples during injection of radioactive tracer micro- 
spheres through the left atria1 catheter. Bipolar recording 
electrodes were sutured on the left and right ventricular 
epicardium. 
Two specially designed bipolar epicardial plaques were 
used for the determination of left and right ventricular 
fibrillation thresholds. Each plaque consisted of two elec- 
trode pairs with interelectrode and intraelectrode distances 
of 1.5 cm. One pair of electrodes was used for stimulation, 
the other pair for recording electrograms. The right and left 
ventricular plaques were sutured to their respective ventric- 
ular free walls. All electrograms were filtered with high gain 
bioelectric amplifiers with a high pass frequency of 0.5 Hz 
and a low pass frequency of 1 kHz. All physiologic data were 
recorded continuously on an eight channel analog tape 
recorder at 3.25 in (8.26 cm). The signals were displayed on 
an oscilloscope and reproduced on paper at speeds up to 200 
mm/s with use of a Gould 2800 oscillograph. 
The sinus node was excised, and all dogs were paced at a 
constant rate of 150 beats/min during acquisition of hemo- 
dynamic data. Arterial blood gases, serum sodium, potas- 
sium and calcium were strictly controlled throughout the 
experiment. The following variables were maintained within 
these specified ranges: Po2 (100 to 200 mm Hg), Pco2 (35 to 
45 mm Hg), pH (7.35 to 7.45), sodium (135 to 145 mEq/liter), 
potassium (3.5 to 5 mEq/liter) and ionized calcium (0.8 to 1.5 
mm/liter). 
Regional myocardial bloodJEow was determined with the 
use of 8 to 10 pm radioactive carbonized microspheres 
labeled with iodine-125, cesium-141, chromium-5 1, stron- 
tium-89 and scandium-86. The microspheres were suspended 
in 10% dextran solution and dispersed by ultrasonic bath and 
vortex agitation. For each blood flow determination, a 1 ml 
suspension (3 x lo6 microspheres) of a specific isotope was 
injected over a period of 10 s into the left atria1 catheter. A 
reference blood sample was withdrawn from the femoral 
artery concomitantly for 2 min at a constant rate of 14 
ml/min. 
Experimental protocol and data acquisition. After the 
dogs were instrumented, right ventricular pacing at a basic 
cycle length of 400 ms was initiated. Hemodynamic data 
were recorded and regional myocardial blood flow was 
determined with the use of radioactive microspheres. Left 
and right ventricular fibrillation thresholds were determined 
utilizing the single stimulus technique. A constant current 
stimulus driven by an Apple II microcomputer delivered a 
train of stimuli to the epicardial plaque. Stimulus strength 
was monitored on-line with an oscilloscope. A train of 8 S, 
stimuli was delivered at a basic cycle length of 400 ms (150 
beatslmin). A premature stimulus (S,) was introduced 250 
ms after the final S, paced beat. The initial magnitude of the 
SZ stimulus was 10 mA. The S, pulse width was 2 ms and the 
S, pulse width was 5 ms throughout the study. Diastole was 
scanned in 5 ms decrements until S, became refractory. This 
process was then repeated, each time increasing the S, 
current strength by 2 mA until ventricular fibrillation was 
initiated. The dogs were defibrillated within 10 to 20 s of the 
onset of fibrillation and allowed to recover for 20 min 
between threshold determinations. The defibrillator paddles 
were wrapped in gauze dressings. The myocardium was 
further shielded by placing the paddles outside of the peri- 
cardium during the defibrillation. This protocol was repeated 
until two thresholds were recorded within 2 mA of each 
other. The repetitive ventricular response threshold was also 
determined during this protocol. 
After control data were acquired, the dogs were sepa- 
rated into two groups. The first group (n = 10) underwent the 
right ventricular isolation procedure. This group was placed 
on cardiopulmonary bypass and the procedure was per- 
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Table 1. Hemodynamic Variables in 10 Dogs 
Pre-RVI Post-RVI p Value 
Figure 2. Surgical technique for right ventricular isolation. Both the 
anterior and posterior ventriculotomies extend from the pulmonary 
to the mitral valve anulus. 
formed in the empty, beating heart as described previously 
(Fig. 2) (6). The second group of dogs (n = 5) underwent the 
entire experimental protocol, but only the anterior ventric- 
ulotomy of the right ventricular isolation procedure was 
performed, thus, the two ventricles were not electrically 
isolated from each other. This sham operation was per- 
formed to correct for any effects that time, cardiopulmonary 
bypass, repeated ventricular fibrillation threshold determi- 
nations or a right ventricular incision might have on the 
fibrillation thresholds. 
mersed in 10% formalin for 3 to 5 days. Both ventricles and 
the anterior ventricular septum were then sectioned for 
blood flow analysis. They were divided into OS to 1.5 g 
portions and counted in a multichannel gamma spectrome- 
ter. Regional myocardial blood flow was determined by the 
method of Rudolph and Heymann (7,8). A PDP 11-23 com- 
puter with a specially designed software program was used 
to calculate myocardial blood flow in ml/min per g. All data 
were analyzed for significance by the Student’s paired t test. 
Linear regression analysis was performed to compare the 
relation between myocardial mass and ventricular fibrillation 
threshold. 
The treatment of the experimental dogs in this study 
conformed to the “Position of the American Heart Associ- 
ation on Research Animal Use” adopted on November 11, 
1984. 
Results 
After the procedure, successful right ventricular isolation 
was documented by independent electrical stimulation of 
each ventricle. All of the dogs were weaned from cardiopul- 
monary bypass and allowed to recover for 30 min. Right and 
left atrial pressures were maintained at preoperative levels. 
Hemodynamic data were recorded in each dog during biven- 
tricular pacing at a basic cycle length of 400 ms. Postopera- 
tively, regional myocardial blood flow was measured during 
biventricular pacing with the radioactive microsphere tech- 
nique. Left and right repetitive ventricular response and 
ventricular fibrillation thresholds were subsequently mea- 
sured utilizing the aforementioned protocol. Sustained ven- 
tricular fibrillation was defined as fibrillation lasting >lO s. 
Operative results, The right ventricular isolation proce- 
dure was successfully performed in each of the 10 dogs in 
Group 1. After the procedure, the isolated right ventricular 
free wall was either electrically silent or exhibited a slow 
idioventricular rhythm. Both ventricles could be paced in- 
dependently of each other. 
Hemodynamic effects. The hemodynamic data before and 
after right ventricular isolation are shown in Table 1. There 
were no significant differences in mean aortic pressure, left 
and right atria1 pressure and core temperature between the 
study periods. After the procedure, left ventricular myocar- 
dial blood flow increased from 1.01 + 0.08 to 1.41 5 0.09 
ml/min per g (mean + SEM; p < 0.05). There were no 
significant changes in right ventricular myocardial blood 
flow. 
Ventricular weight and blood flow analysis. The dogs Effects on ventricular fibrillation threshold. The effect of 
were killed at the end of each experiment, and the heart was right ventricular isolation on the right ventricular fibrillation 
extirpated and weighed. The isolated right ventricular free threshold was dramatic. In 9 of the 10 dogs studied, the 
wall was then removed and weighed separately. Left ven- isolated right ventricle could not sustain fibrillation despite 
tricular weight was determined as total weight (g) - right the utilization of stimulus strengths of up to 80 mA (Fig. 3). 
ventricular free wall weight (g). The heart was then im- In the one dog whose right ventricle did fibrillate, the 
Mean aortic pressure (mm Hg) 101 + 4 90?3 NS 
RA pressure (mm Hg) 4 2 0.4 4 + 0.4 NS 
LA pressure (mm Hg) 4 f 0.3 4 + 0.2 NS 
Temperature (“C) 37.4 5 0.2 37.3 k 0.2 NS 
LV blood flow (ml/mitt per g) 1.01 + 0.08 1.41 + 0.09 0.05 
RV blood flow (ml/min per g) 0.54 2 0.06 0.67 t 0.09 NS 
LA = left atrial; LV = left ventricular; RA = right atrial; RV = right 
ventricular; Post-RVI = postoperative data (right ventricular isolation); 
Pre-RVI = preoperative data (right ventricular isolation). All values are mean 
values t SEM. 
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Figure 3. Sample tracing of the electrocardiogram (ECG) and three 
bipolar epicardial electrograms demonstrating nonsustained right 
ventricular fibrillation. Other abbreviations as in Figure I. 
fibrillation threshold increased HO%, from 20 to 50 mA. This 
dog had the largest right ventricular free wall weight (35 g), 
whereas the average right ventricular weight for the other 
nine dogs was 27 2 3 g. The right ventricular repetitive 
ventricular response threshold was significantly elevated by 
the isolation procedure with an average increase from 18 + 
1 to 40 ‘-’ 5 mA (p < 0.005) (Fig. 4). 
Right ventricular isolation also had a pronounced efect 
on the vulnerability of the left ventricle to jbrillation. Left 
ventricular fibrillation threshold increased in every dog (Fig. 
5) and for the entire group, it increased from 22 2 2 to 40 2 
4 mA (p < O.OOOS), a 70 + 8% increase from control values. 
Left ventricular repetitive ventricular response threshold 
was similarly elevated (Fig. 4); it increased from 18 2 1 mA 
preoperatively to 32 + 3 mA postoperatively (p < 0.005). 
Control group. To assure that these changes in ventricu- 
lar fibrillation threshold were the result of the right ventric- 
Figure 4. Repetitive ventricular response threshold before and after 
the right ventricular isolation procedure. POST RVI = postopera- 
tive data; PRE RVI = preoperative data (right ventricular isolation). 
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Figure 5. Left ventricular fibrillation threshold before (PRE RVI) 
and after (POST RVI) the right ventricular isolation procedure. 
ular isolation procedure and not some other aspect of the 
experimental protocol, five additional dogs underwent the 
entire study, with one exception: a sham procedure was 
performed that included only the anterior ventriculotomy of 
the right ventricular isolation procedure and, thus, did not 
isolate the ventricles from each other. Left and right ven- 
tricular fibrillation thresholds were determined at three in- 
tervals: at control, after 1.5 h of cardiopulmonary bypass 
and after anterior right ventriculotomy. Before data acquisi- 
tion in the latter two study periods, the dogs were weaned 
from cardiopulmonary bypass. Left and right ventricular 
fibrillation thresholds were not significantly changed by 
either cardiopulmonary bypass or the right ventriculotomy 
(Fig. 6). Thus, the experimental protocol itself had no effect 
on ventricular fibrillation threshold as long as the ventricles 
remained electrically connected. 
Figure 6. Right (RV) and left (LV) ventricular fibrillation thresholds 
at control, after 1.5 h of cardiopulmonary bypass (CPB) and after an 
anterior right ventriculotomy. Horizontal bars represent 1 SD. 
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Figure 7. Linear regression analysis of ventricular fibrillation thresh- 
old (mA) versus ventricular weight (g). 
Relation between ventricular mass and ventricular fibrilla- 
tion threshold. To further evaluate the relation between 
myocardial mass and ventricular fibrillation threshold, avail- 
able myocardial mass (g) was plotted against ventricular 
fibrillation threshold (mA) for all dogs in the study (Fig. 7). 
This data set (n = 26) included the wet weight of the entire 
heart of all 15 dogs and their corresponding preoperative 
ventricular fibrillation thresholds, the isolated left ventricu- 
lar weight of the 10 dogs that underwent the right ventricular 
isolation procedure and their corresponding postoperative 
left ventricular fibrillation thresholds, and the isolated right 
ventricular weight of the 1 dog whose right ventricle could be 
fibrillated postoperatively. A linear regression analysis was 
performed on these data and revealed the relation between 
ventricular mass and fibrillation threshold to be linear (p < 
0.005) with a correlation coefficient of 0.75. 
Discussion 
Since the pioneering work of Garrey (l), it has been 
accepted that a certain critical mass of myocardium is 
required to maintain ventricular fibrillation. Garrey clearly 
demonstrated that a reduction in ventricular surface area 
below 4 cm2 would stop fibrillation in the canine myocar- 
dium. Recent investigators (2,3) have confirmed these find- 
ings. Zipes et al. (3), in an elegant experiment, demonstrated 
that the depolarization of a certain mass of myocardium with 
intracoronary potassium chloride injections would terminate 
ventricular fibrillation. The right ventricle could not maintain 
spontaneous ventricular fibrillation when the left ventricle 
was rendered inexcitable with potassium chloride injection. 
Despite these observations, the implications of the critical 
mass theory for the surgical treatment of ventricular tachy- 
arrhythmias have not been explored. The right ventricular 
isolation procedure provides a unique opportunity to study 
this relation between ventricular mass and fibrillation thresh- 
old. 
Experimental preparation and technique. The right ven- 
tricular isolation procedure was introduced clinically to treat 
nonischemic ventricular tachycardia arising from the right 
ventricle (4,5). The most common pathologic entity treated 
with this procedure is arrhythmogenic right ventricular dys- 
plasia (9,lO). Right ventricular isolation electrically isolates 
the two ventricles from each other so that the right ventric- 
ular free wall and the left ventricle can be paced indepen- 
dently. This procedure does not alter the basic electrophys- 
iologic properties of the heart or regional myocardial blood 
flow to either ventricle (6,ll). Most importantly, it results in 
no significant functional impairment if the isolated right 
ventricle is paced postoperatively (12,13). However, the 
effects of this procedure on right and left ventricular fibril- 
lation thresholds are unknown. 
The technique for determining ventricular fibrillation 
threshold has been well established (14-16). This study 
utilized the single stimulus technique to induce fibrillation 
(15). This technique was chosen instead of one that utilizes a 
train of stimuli, because it has been shown to result in less 
enhancement of local sympathetic tone (17). The ventricular 
fibrillation threshold measured by this method has been 
shown to be a reliable index of ventricular vulnerability 
(18,19). In well controlled experimental situations, this tech- 
nique is useful for assessing the effects of a specific inter- 
vention on the ability to initiate and maintain ventricular 
fibrillation. As with any technique used in an experimental 
model, caution must be exercised in applying these findings 
to the more complex clinical situation. 
In this experimental preparation, there were no signili- 
cant differences in heart rate, temperature, arterial blood 
gases, electrolytes and the hemodynamic variables of aortic 
and atria1 pressure between the study periods. However, 
regional myocardial blood flow was measured and did in- 
crease in both the left and the right ventricle after right 
ventricular isolation. Only the increase in left ventricular 
blood flow was statistically significant. Kralios et al. (20) 
showed that there is a linear relation between coronary 
blood flow and ventricular fibrillation threshold. By linear 
regression analysis, an equation was derived to correlate 
these two variables. The change in regional myocardial 
blood flow documented in our present study is predicted by 
this equation to increase right ventricular fibrillation thresh- 
old by 1 mA and the left ventricular fibrillation threshold by 
4 mA. The actual increase in left ventricular fibrillation 
threshold was 16 -+ 5 mA and the right ventricle could not be 
fibrillated in 9 of the 10 dogs. Thus, the small change in 
regional myocardial blood flow seen in our study could not 
account for the actual magnitude of the postoperative in- 
crease in ventricular fibrillation threshold. 
To further examine the relation of right ventricular isola- 
tion to ventricular jibrillation threshold, a sham procedure 
was performed that assessed the effects of cardiopulmonary 
bypass and the right ventriculotomy itself on ventricular 
JACC Vol. 15, No. 3 
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fibrillation threshold. Neither of these interventions resulted 
in any significant change in threshold. This observation 
confirmed that the changes in fibrillation threshold were not 
present unless the ventricles were isolated from each other. 
Possible electrophysiologic mechanisms. Our results 
clearly demonstrate that after the right ventricular isolation 
procedure, the normal canine right ventricle cannot usually 
sustain fibrillation (9 of the 10 dogs). Ventricular fibrillation 
was induced in the one dog with the largest right ventricular 
free wall weight (35 g). These data support the concept that 
a critical myocardial mass is necessary to maintain fibrilla- 
tion. As predicted by the experimental work of Garrey (l), 
the isolated right ventricle cannot support ventricular fibril- 
lation in the canine model. Moreover, a significant increase 
in the right ventricular repetitive ventricular response 
threshold, occurred in our study. This measurement has 
been shown (21) to correlate with changes in ventricular 
fibrillation threshold, and this finding confirms that the 
procedure decreases the ability both to initiate and to 
maintain ventricular fibrillation. 
A potentially important finding in this study was the 
significant increase in left ventricular fibrillation threshold 
after right ventricular isolation. This was accompanied by a 
significant and parallel increase in the repetitive ventricular 
response threshold of the left ventricle. Thus, the critical 
mass theory would seem to apply to both ventricles. 
The requirements for ventricular fibrillation include a 
critical mass of myocardium and a certain degree of electri- 
cal inhomogeneity of the ventricular myocardium to create 
the appropriate electrophysiologic milieu of short refractory 
periods and slow conduction velocity necessary to sustain 
the multiple reentrant pathways believed to be responsible 
for fibrillation (19,22,23). A simple explanation for our 
findings is that right ventricular isolation decreases available 
ventricular mass by electrically isolating the ventricles from 
each other. The mass of the isolated right ventricular free 
wall is below the critical mass required in most instances to 
sustain fibrillation. The postoperative decrease in “avail- 
able” mass to the left ventricle, although not enough to 
prevent fibrillation, results in a significant increase in 
ventricular fibrillation threshold. Moreover, a linear regres- 
sion analysis revealed that a significant inverse relation 
exists between ventricular mass and ventricular fibrillation 
threshold (Fig. 7). Although this analysis does not take 
into account all other confounding influences of the experi- 
mental preparation, the data do suggest that the relation 
between mass and fibrillation threshold is not an all-or- 
none phenomenon. This relation between ventricular mass 
and fibrillation threshold explains both the inability to fibril- 
late the isolated right ventricle and the marked increase in 
left ventricular fibrillation threshold observed postopera- 
tively. 
Conclusions. The clinical implications of this study must 
be drawn carefully. The human heart is much larger than that 
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of the dog, and in the clinical situation, this procedure might 
not have the same effect on fibrillation threshold. Moreover, 
this study was performed on a normal canine heart, whereas 
the right ventricular isolation procedure is used clinically to 
treat patients with arrhythmogenic right ventricular dyspla- 
sia. Despite these limitations, these data suggest that the 
right ventricular isolation procedure may be effective not 
only because it “isolates” arrhythmias to the right ventricle, 
but also because it has profound effedts on ventricular 
vulnerability to fibrillation. 
These findings support the importance of ventricular 
mass in the initiation and maintenance of ventricular fibril- 
lation. Alterations in ventricular mass or geometry may play 
a role in the surgical approach to ventricular tachyarrhyth- 
mias. 
We express our gratitude to Michael Lowe for technical assistance and to 
Ruth Dixon for manuscript preparation. 
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